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Abstract17
Proxy records of the Pliocene show significant warm anomalies of sea surface temper-18
atures (SST) near mid-latitude upwelling sites at the eastern boundaries of the Pacific19
and Atlantic Oceans. Weaker upwelling-favorable mean winds or a deeper thermocline20
have been proposed as explanations, yet the mechanisms involved are still not clear and21
the dramatic warmings of up to 9◦C are only partially accounted for. Here we quantify22
the response of strong transient upwelling-favorable wind events, defined to have a wind23
velocity over 5 m s−1 and a duration of at least three days, to two reconstructions of Pliocene24
SST. Such events are responsible for much of the modern upwelling SST signal and may25
therefore be a more relevant measure than the climatological winds. We find that both26
the amplitude and duration of upwelling-favorable events are reduced in the Pliocene sce-27
narios. Using PRISM4 SST, we find an annual reduction in upwelling flux between 7.4%-28
13.2%, depending on model resolution. With an idealized Pliocene SST, the reduction29
in upwelling flux is between 46.7%-50.3%. This reduction is shown to be closely related30
to changes in anticyclonic atmospheric activity, associated in turn with a weaker large-31
scale meridional SST gradient.32
1 Introduction33
The early-to-mid Pliocene, 5.3-3.1 million years ago, was the most recent period34
of sustained global warmth and is considered an analogue for a future global warming35
scenario (Chandler, Rind, & Thompson, 1994; H. Dowsett, Barron, & Poore, 1996; H. Dowsett36
& Robinson, 2009; H. J. Dowsett et al., 2012). Proxy records and modeling results in-37
dicate that global average surface temperature was about 3-4◦C warmer than at present38
(H. J. Dowsett et al., 2013, 2011; O’Brien et al., 2014). The early Pliocene is believed39
to have been characterized by substantially lower meridional and zonal temperature gra-40
dients, and the sea surface temperature (SST) of the west Pacific warm pool was sim-41
ilar to present (A. Fedorov et al., 2013; A. Haywood et al., 2012). The average SST dif-42
ference between the east and the west sides of the equatorial Pacific Ocean was only 1.5±43
0.9◦C and there was a deep thermocline in the eastern Pacific Ocean. Due to their sim-44
ilarity to a modern El Nin˜o event, these conditions have been termed a “permanent El45
Nin˜o” (N. Burls & Fedorov, 2014; Dekens, Ravelo, McCarthy, & Edwards, 2008; A. V. Fe-46
dorov, Brierley, & Emanuel, 2010; A. M. Haywood, Valdes, & Peck, 2007; Ravelo, Dekens,47
& McCarthy, 2006). We note that some recent SST proxy reconstructions suggest that48
the zonal SST gradient during the early Pliocene was, in fact, comparable to or only mod-49
erately smaller than modern values (Tierney, Haywood, Feng, Bhattacharya, & Otto-50
Bliesner, 2019; Zhang, Pagani, & Liu, 2014).51
Another interesting feature during the Pliocene, relevant to this work, is the anoma-52
lously high SST in mid-latitude upwelling regions. Multiple proxies have found that SSTs53
at mid-latitude upwelling sites such as the California, Humboldt, Canary and Benguela,54
were significantly warmer than present, by 3-9◦C, indicating a major shift in these cold55
upwelling zones during 4.6-3 Ma (Brierley et al., 2009; Dekens, Ravelo, & McCarthy, 2007;56
Herbert & Schuffert, 1998; LaRiviere et al., 2012; Marlow, Lange, Wefer, & Rosell-Mele,57
2000). Upwelling regions play a significant role in maintaining ocean biodiversity, encom-58
pass a large fraction of fisheries, and regulate regional and basin scale climate (Lau &59
Shen, 1988; Pauly & Christensen, 1995; Seager et al., 2003). How these upwelling sys-60
tems will respond to a warmer climate is therefore of great interest.61
Previous studies suggested several mechanisms for the disappearance of the cold62
upwelling zones during the Pliocene. One is that the thermocline was deeper, such that63
the upwelling brought up relatively warmer, above thermocline, water to the ocean sur-64
face compared with the modern case (Chaisson & Ravelo, 2000; Ford, Ravelo, Dekens,65
LaRiviere, & Wara, 2015; Wara, Ravelo, & Delaney, 2005). It has been proposed that66
a tectonic process such as the closing of the Panama Seaway influencing the intermedi-67
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ate water (Haug, Sigman, Tiedemann, Pedersen, & Sarnthein, 1999; Steph et al., 2010),68
or a northward movement of New Guinea and the restriction of the Indonesian Seaway69
(Cane & Molnar, 2001), could have led to the shallower modern thermocline (A. Fedorov70
et al., 2006), although these explanations still leave significant gaps in terms of the de-71
tailed mechanisms involved. It has also been proposed that the reduced meridional SST72
gradient would result in a more locally balanced energy budget, thus causing a deeper73
ventilated thermocline during the early-to-mid Pliocene (Boccaletti, Pacanowski, Phi-74
lander, & Fedorov, 2004; Philander & Fedorov, 2003).75
Another possibility is that a smaller equator-to-pole temperature gradient and a76
weaker Hadley Circulation could reduce the intensity, or shift the location, of upwelling-77
favorable wind at mid-latitude areas (Arnold & Tziperman, 2015; Lu, Vecchi, & Reich-78
ler, 2007; Tziperman & Farrell, 2009). Arnold and Tziperman (2015) used an atmospheric79
general circulation model (AGCM) to simulate the surface wind stress in both modern80
and Pliocene scenarios with a horizontal grid spacing of roughly 1◦ and a prescribed SST.81
They calculated the mean climatological alongshore wind stress (AWS) and wind stress82
curl to estimate the coastal and mid-ocean upwelling mass fluxes. They found reductions83
of 10% to 50% in both coastal upwelling driven by AWS and offshore upwelling driven84
by wind stress curl. However, such reductions alone appear to be insufficient to explain85
the anomalies suggested by temperature proxies (Miller & Tziperman, 2017).86
Although upwelling is a coupled atmosphere-ocean process, the use of prescribed87
SST is justified by the difference in spatial scale between the wind field driving the up-88
welling, and the SST anomalies that result. While the SST signal of upwelling extends89
at most a few hundred kilometers from the coast, the along-shore wind stress is typically90
part of a basin-scale anticyclonic circulation spanning several thousand km. Such cir-91
culations depend more on the large-scale SST gradients than the local SST associated92
with upwelling. It is thus possible to consider how the large-scale differences in Pliocene93
SST would impact the coastal winds, while neglecting the relatively small feedback from94
the local SST. This approach, of asking how the large-scale SST affects the wind, com-95
plements studies that use a dynamical ocean model with prescribed winds to study the96
local ocean upwelling response (Miller & Tziperman, 2017). Eventually, of course, the97
problem would need to be tackled by a fully coupled ocean-atmosphere model. We note98
that current coupled climate models typically use ocean grid spacing that is too coarse99
to resolve coastal upwelling processes, and consequently find it difficult to reproduce the100
warmer upwelling regions in Pliocene simulations (H. J. Dowsett et al., 2013; A. Fedorov101
et al., 2013; A. Haywood et al., 2012).102
At present-day, the narrow strip of cold upwelling water is confined within 10-50103
km of the coast (Allen, 1980; Enriquez & Friehe, 1995; Hurlburt & Thompson, 1973; Re-104
nault et al., 2012; Small, Curchitser, Hedstrom, Kauffman, & Large, 2015). The occur-105
rence of nearshore drop-off of the wind speed leads to an enhanced wind stress curl there,106
which favors upward Ekman pumping (Capet, Marchesiello, & McWilliams, 2004; En-107
riquez & Friehe, 1995). According to Winant and Dorman (1997), an increase in atmo-108
spheric model resolution from 1◦ to 0.2◦ improves the simulation of this drop off and there-109
fore increases the simulated wind stress curl off California by a factor of three. This mo-110
tivates our use in this paper of several model resolutions, including one at 0.25◦. The111
increased resolution does not change our results significantly, indicating numerical con-112
vergence and increasing the confidence in the results. Furthermore, previous studies con-113
sidered only the climatological monthly mean alongshore wind stress and wind stress curl114
to estimate the upwelling mass flux. However, according to some studies of the biolog-115
ical productivity and SSTs at the California upwelling zone, while the Ekman response116
occurs in less than a day, a wind forcing with a duration of at least three days and an117
amplitude of 5 m s−1 is required for the cold, nutrient-rich water to reach the surface (Bots-118
ford, Lawrence, Dever, Hastings, & Largier, 2006; Dugdale, Wilkerson, Hogue, & Marchi,119
2006; Garc´ıa-Reyes & Largier, 2010). One may therefore conclude that the proxy data,120
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relying on biological activity to record SST, is mostly affected by strong upwelling-favorable121
wind events, and this indeed is our focus here.122
We build on the work of Arnold and Tziperman (2015), using higher resolution sim-123
ulations and considering the role of wind variability and strong wind events, focusing on124
the California upwelling site. We find a large reduction in the number of strong upwelling125
wind events in simulations with Pliocene SST. We further show that strong upwelling126
events are always accompanied by anticyclones over the northeast Pacific Ocean, and that127
both the frequency and amplitude of those upwelling-favorable anticyclones is reduced128
in the Pliocene scenarios.129
2 Methods130
2.1 Pliocene Simulations131
Here we analyze three SST configurations meant to represent the modern era (Mod-132
ern), the mid-Pliocene (PRISM4) and an idealized early Pliocene case (Idealized). The133
modern SST is based on the climatology from the Hadley Centre Sea Ice and Sea Sur-134
face Temperature (HadISST) data set (Rayner et al., 2003). The mid-Pliocene case uses135
lower boundary conditions from the Pliocene Reconstruction Interpretation and Synop-136
tic Mapping (PRISM4) data set representing the mid-Piacenzian (3.29-2.97Ma) (H. Dowsett137
& Robinson, 2009). It is a palaeoenvironmental reconstruction containing data for palaeo-138
geography, land, vegetation, soils, lakes, SST and sea-ice. The Idealized case SST rep-139
resents an extreme idealization of the warm, low-gradient conditions prevailing in the140
early Pliocene (4.2-4 Ma) from Brierley et al. (2009). The three SST distributions are141
shown in the supporting information Fig. S1.142
We use the NCAR Community Atmosphere Model (CAM) version 5, a state-of-143
the-art GCM used for future climate projections, and used previously to study the Pliocene144
(Arnold & Tziperman, 2015; Koll & Abbot, 2013). Specifically, we use the land model145
CLM4.0 (Lawrence et al., 2011; Oleson et al., 2010) and atmospheric model CAM-5.3146
(Neale et al., 2010, 2012) from CESM-1 2 2 1. The land vegetation and topography are147
set to their modern values, as we focus on the effects of the SST, future studies would148
need to examine the effects of the land conditions as well. The bulk aerosols model is149
used, Milankovitch forcing is set to modern values and CO2 is set, as in Arnold and Tziper-150
man (2015), to 355 ppm for modern and 405 ppm for the Pliocene simulations. For each151
scenario we run the model at several horizontal resolutions: (1) 0.23◦×0.31◦ (compo-152
nent set f02 f02, hereafter referred to as the 0.25◦ resolution), allowing resolution of the153
coastal wind drop off near upwelling sites; (2) half a degree resolution (0.47◦ × 0.63◦,154
f05 f05) ; (3) 1 degree resolution (0.9◦×1.25◦, f09 f09). There are 30 levels in the ver-155
tical. We run the 0.25◦ model in all three scenarios for two years, the 0.5◦ for 10 years,156
and the 1◦ model for 20 years. The first year in each case is discarded to allow for spinup.157
Additional information on component sets is available at158
http://www.cesm.ucar.edu/models/cesm1.2/cesm/doc/modelnl/compsets.html.159
2.2 Definition of the upwelling index160
Upwelling can be divided into coastal and offshore fluxes. Coastal upwelling is caused
by the alongshore wind stress (AWS) parallel to the shore which leads to off-coast hor-
izontal transport and to a subsequent cold upwelling from below. Offshore upwelling, on
the other hand, is caused by the divergence of surface water driven by wind stress curl.
Thus, the expressions of coastal upwelling and offshore upwelling (Bakun & Nelson, 1991;
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Marshall & Plumb, 2016) can be written as,
Mcoast =
τas
f
Mcurl =
1
f
5×~τ .
Here ~τ is the wind stress vector, τas is the “along-shore” component parallel to the coast161
and f refers to the Coriolis parameter. We follow the definition of offshore upwelling in-162
dex used in Arnold and Tziperman (2015) by identifying the nearest coastal point to the163
Ocean Drilling Project sediment core site 1014 in the California Current System, and164
averaging offshore upwelling of all grid points within a box extending 150 km in each along-165
shore direction and 300 km from the coast out to sea. The Pliocene SST at this site was166
estimated to be 8.8◦C warmer than modern (Dekens et al., 2007). The averaged index167
is then multiplied by 300 km to bring it to the same units as the coastal index, repre-168
senting the integrated upwelling. The coastal upwelling index is defined based on the max-169
imum along-shore wind within the box, which quantifies the magnitude of coastal up-170
welling.171
2.3 Definition of strong upwelling events172
Previous studies of Pliocene upwelling have used annual or monthly mean wind stress173
to calculate the intensity of upwelling. While equatorward alongshore wind of any mag-174
nitude forces coastal upwelling, there is a threshold at which a response in SST can be175
observed. Some studies defined a minimum duration (Botsford et al., 2006; Dugdale et176
al., 2006) of wind events required to bring cold deep water up to the surface, while oth-177
ers (Largier et al., 2006; Wilkerson, Lassiter, Dugdale, Marchi, & Hogue, 2006) consider178
a wind speed threshold of 5 m s−1. Here, we define “strong” upwelling events to be those179
whose alongshore wind velocity exceeds 5 m s−1 and last at least three days. This is con-180
sistent with the findings of previous studies (Botsford et al., 2006; Dugdale et al., 2006;181
Garc´ıa-Reyes & Largier, 2010) that while the Ekman response occurs in less than a day,182
a wind forcing with a duration of at least three days is required for the cold, nutrient-183
rich water to reach the surface. We examine the sensitivity to the amplitude threshold184
of 5 m s−1 below.185
2.4 Track analysis186
To characterize anticyclone position and intensity, we use the TRACK program (Hodges,187
1994), which can objectively identify features in a time sequence of meteorological data.188
Features are tracked through time to produce trajectories of the feature centers (Hodges,189
1995). We use this approach to track the position and intensity of anticyclones using 6-190
hourly sea level pressure data and to better understand the reduction in strong upwelling191
events during the early-to-mid Pliocene. The intensity is defined relative to the large scale192
background at each time step which is removed by the spectral filter: the pressure is first193
decomposed into spherical harmonics and the coefficients for total wave numbers less than194
six are set to zero (Hodges, 1996) to remove the large-scale background.195
2.5 Effects of model resolution196
Simulations with the Community Atmosphere Model demonstrate that both the197
coastal upwelling index and offshore upwelling index increase with a finer resolution of198
approximately 0.25◦. Supporting information Fig. S2 shows the topography around the199
upwelling site near California with 1◦, 0.5◦ and 0.25◦ resolutions. The higher resolution200
and more realistic topography in the 0.25◦ simulation leads to a more realistic wind re-201
duction there and therefore to a stronger wind stress curl near the coast, and therefore202
to a larger offshore upwelling index. The scatter plot of alongshore wind stress on dis-203
tance from shore in Fig. S3 shows a stronger alongshore wind stress for the higher res-204
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olutions, that is also closer to the coast, which leads to a greater coastal upwelling in-205
dex. Although the upwelling regions are better characterized by the 0.25◦ simulation,206
the reduction of upwelling index associated with Pliocene SST does not change signif-207
icantly. For much of the following, we use the 1◦ simulations, as the longer simulation208
allows for more robust statistics. When possible, we show the results with the 0.25◦ and209
0.5◦ simulations as well, which are seen to be consistent with the 1◦ model results, al-210
though their uncertainty is larger due to the shorter records.211
3 Results212
We divide the results into three parts. First, we repeat the experiments from Arnold213
and Tziperman (2015) at a higher model resolution which better resolves the wind de-214
cline toward the coast, to calculate the annual-averaged and monthly climatology of up-215
welling intensity for the different prescribed SST distributions. Second, we analyze the216
dependence of strong upwelling events on the SST. Third, we introduce TRACK anal-217
ysis to further understand the reduction in strong upwelling wind events during the Pliocene218
and its relationship with anticyclonic weather systems.219
3.1 High model resolution220
The color shading panels on the top row of Fig. 1 show the annual mean upwelling221
mass flux per unit area, while the vectors show the surface wind stress, based on the 0.25◦222
resolution model. The dots and boxes indicate the sediment core site and the 300 by 300223
km area around it. These results are presented for the modern SST as well as for the dif-224
ferences b tween the two Pliocene scenarios and the modern scenario. The high resolu-225
tion allows a better simulation of the structure of wind stress changes toward the coast,226
and the resulting strip of positive upwelling in the modern case is comparable to that227
seen in the QuikSCAT satellite observations. The difference plots show modest reduc-228
tions in AWS and curl-driven upwelling with PRISM4 SST, and greater reductions with229
idealized SST. This result is consistent with the idealized scenario being an extreme ver-230
sion of the low-gradient Pliocene SST. The evaluation of statistical significance of the231
difference maps is based on Student’s t test, and values that are not significant to within232
95% are shown in white.233
When the model resolution is increased from 1◦ to 0.25◦, the reduction of annual234
mean coastal upwelling index relative to the modern scenario remains unchanged at 11.5%235
with PRISM4 SST, and increases slightly from 38.4% to 43.5% with idealized SST, as236
shown in Table 1. The reduction of the annual mean offshore upwelling index also in-237
creases from 7.3% to 11.0% and from 43.1% to 46.1% in the PRISM4 and idealized sce-238
narios respectively. The 0.5◦ resolution model shows a similar sensitivity, also shown in239
Table 1, although with a smaller reduction of the off-shore index. Overall, the fractional240
changes in upwelling with Pliocene SST are similar to the lower resolutions of Arnold241
and Tziperman (2015). These results indicate that the modest fractional change in up-242
welling with Pliocene versus Modern SST is not an artifact of using a coarse resolution.243
Similar reductions can also be seen in the monthly indices for coastal upwelling and for244
offshore upwelling, shown in the bottom panels of Fig. 1. These results imply that a re-245
duction in annual mean upwelling-favorable wind stress is unlikely to explain the Pliocene246
warm SST anomalies. Note that the wind reduction in the idealized SST case is much247
more dramatic than for the PRISM SST, consistent with the idealized SST being a fairly248
drastic sensitivity experiment, as well as with the stronger shift in cyclone location that249
account for upwelling wind events, as discussed below.250
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3.2 Strong upwelling events251
However, the upwelling of cold, nutrient-rich water that supports biological pro-252
ductivity and colder SSTs at the California site requires upwelling-favorable wind forc-253
ing with a duration of at least three days and an amplitude larger than about 5 m s−1254
(Botsford et al., 2006; Dugdale et al., 2006; Garc´ıa-Reyes & Largier, 2010). Therefore,255
rather than focusing on annual or monthly mean upwelling indices, we now consider such256
strong upwelling events using a time series of daily upwelling index. An example segment257
from the final year of the 1◦ simulation is shown in Fig. 2. The three lines show the daily258
value of the coastal upwelling index in the upper panel, and the offshore upwelling in-259
dex in the lower panel, for the three SST scenarios. The upwelling caused by modern SST260
(blue line) forcing seems larger than the Pliocene SSTs (red and green line) and to per-261
sist for a longer period of time at higher values, although this is not obvious from the262
time series and is further quantified next. We note that Fig. S4 shows a comparable time263
series for the 0.25◦ model resolution, with similar results.264
Fig. 3a shows the probability distribution functions of the upwelling indices for the265
three scenarios in the last 10 years of the 1.0◦ simulations. The number of days with large266
upwelling index values is reduced under the two Pliocene SST scenarios. The green curve267
representing the idealized Pliocene case is significantly lower than the blue one repre-268
senting modern SST for higher values of the two indices. The same difference is also seen269
for the PRISM case and while the curve is consistently below that of the modern case270
for higher index value, the difference is not as large as in the idealized case, especially271
for the off-coastal index. Panels b and c show the distributions for the 0.5 and 0.25◦ res-272
olutions. The distributions are qualitatively similar across resolutions, particularly for273
the offshore upwelling index. The model distributions of the coastal index are more sim-274
ilar to QuikSCAT as resolution increases, emphasizing the importance of a fine model275
grid in capturing coastal wind intensities.276
We find that the total duration of events every year, the average duration of an event277
and the average intensity of an event, all decrease for Pliocene SSTs, while the frequency278
of events does not change dramatically, as shown in Table 2. The results in the Table279
are based on a definition of strong upwelling events as having an alongshore wind veloc-280
ity exceeding 5 m s−1 and a duration of at least three days. We quantify the annual up-281
welling by adding up the coastal upwelling index for all days with strong upwelling events.282
Note that, using this definition, a majority of all days in the Modern and PRISM4 cases283
are flagged as strong events. We are reassured that the definition is reasonable in part284
due to the seasonality of implied upwelling (Fig. S5), which is consistent with observa-285
tions (Garc´ıa-Reyes & Largier, 2010).286
The total reduction in annual upwelling flux in Table 2 is found by multiplying the287
total number of strong upwelling days by the average upwelling flux during these days.288
This measure decreases with PRISM4 SST relative to modern by 13.2%, and with the289
idealized Pliocene SST by 47.0%. We also perform the same calculation for the 0.5◦ and290
0.25◦ simulations: the reduction in coastal upwelling is 46.7% and 50.3%, respectively,291
with idealized SST, but only 10.5% and 7.4% with the PRISM4 SST. The qualitative292
similarity of these reductions across the three resolutions suggests the short simulation293
time of the 0.25◦ case does not render its statistics unreliable.294
While the thresholds used here to define upwelling events are based on modern ob-295
servational constraints as mentioned above, the Pliocene climate may have been very dif-296
ferent and what constituted a significant upwelling event may have been different. Fig. S6297
in the supplementary materials shows the results for different duration thresholds, us-298
ing 2, 3 and 4 days, for the 1◦, 0.5◦ and 0.25◦ resolution models. The number of events,299
total duration, average duration and average intensity show some dependence on the du-300
ration threshold, with the number of events showing the strongest dependence (decreas-301
ing with duration), yet the qualitative conclusions hold. Fig. S7 in the supplementary302
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materials shows the sensitivity to different amplitude thresholds, using the standard 5303
m s−1 thr shold and then changing it by ±20% and ±40%. The sensitivity of the num-304
ber of events is not linear, because as the amplitude threshold is decreased, there are in-305
stances when two separate events are merged into one. Other than that the event statis-306
tics change with the threshold, but the overall picture is similar to that discussed above.307
3.3 Understanding the reduction in strong events308
To better understand the cause of the reduction in strong upwelling events, we con-309
sider the time evolution of selected events. The following analysis uses only the 1◦ sim-310
ulations, but from the resolution independence noted above we expect the 0.25◦ and 0.5◦311
results to be similar. Consider the sea level pressure and wind stress and offshore up-312
welling in the two largest coastal upwelling wind events from the modern run shown in313
Fig. 4. Although there are some differences in the pattern, we can see a strong anticy-314
clonic high to the west of the upwelling site in both events, enhancing the along-shore315
wind velocity at the upwelling site. This leads us to hypothesize that changes to the be-316
havior of such Northeast Pacific anticyclones may cause the reduction in upwelling at317
the California site during the Pliocene.318
We therefore proceed to analyze the movement and location of subtropical anti-319
cyclones for the three different SSTs. Figure 5 shows the composite of sea level pressure320
and surface wind stress and offshore upwelling for all strong upwelling events in each sce-321
nario. Events in each case are defined using the same 5 m s−1, 3-day criteria. The com-322
posite, being an average over many events, looks like an enhancement of the central pres-323
sure of the climatological anticyclonic subtropical high, and this enhancement is weaker324
in the Pliocene scenarios. There is also a low pressure center over the continental United325
States near California, whose magnitude does not change much for the different SST sce-326
narios. The land-sea pressure gradient in mid-latitudes gets weaker for the higher SSTs,327
leading to a smaller alongshore upwelling-favorable wind stress and weaker offshore up-328
welling, resulting in an expected weakening of Pliocene upwelling events.329
We next track the location and intensity of every anticyclone of our twenty year330
runs, based on 6-hourly output, in all three SST scenarios, using the TRACK Program331
(section 2.4). Fig. 6 presents the track point density in the modern scenario and the dif-332
ference from the two Pliocene SST scenarios. The track point density quantifies the fre-333
quency of anticyclones, and is presented in units of km−2 year−1, to make it indepen-334
dent of the model resolution. The subtropical high and polar high in both hemispheres335
are clearly characterized as areas of high track density in the upper panel, while most336
of the lower latitudes, where there are but few track points, appears white. The middle337
and bottom panels indicate that the density of anticyclones around 30◦ latitude decreases338
with PRISM4 SST while the density increases in higher and lower latitudes, and this change339
is even more obvious in the idealized SST case. These changes correspond to an expan-340
sion of the modern high track density subtropical areas both north and south in the warmer341
climates, as well as reduction of density over the subtropical high itself. Overall, these342
changes correspond to a reduction in the frequency of anticyclones that affect the up-343
welling around California Site 1014, consistent with the upwelling changes seen in the344
above analysis.345
The TRACK analysis is also used to calculate the intensity of the anticyclones pre-346
sented in Fig. 7, calculated as a sea level pressure anomaly relative to the background.347
The background is calculated by decomposing sea level pressure into spherical harmon-348
ics and setting the coefficients for total wave numbers larger than five to be zero. The349
difference maps between the Pliocene SSTs and the modern case show weaker anticy-350
clones in the east Pacific Ocean and stronger ones in the west. A physical interpretation351
of these results is complicated, as differences in the average anticyclone intensity could352
reflect either an overall change in anticyclone energy, or a shift in the distribution of an-353
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ticyclone intensities. For example, a selective reduction in the number of weaker anti-354
cyclones would appear as an increase in average intensity, despite an overall reduction355
in the energy associated with anticyclones.356
We conclude that the TRACK analysis demonstrates that both the frequency of357
occurrence and intensity of anticyclones that lead to upwelling-favorable winds near Cal-358
ifornia decrease significantly with the increase of SST in the Pliocene, leading to the large359
reductions in strong upwelling events at the California site.360
One factor that may contribute to the poleward shift of anticyclone activity is a361
weakening of the Hadley cell. The mean Hadley cell during the upwelling season (Feb-362
September) weakens in the Pliocene simulations without apparent latitudinal shifts (Fig. S8)363
and the precipitation weakens in the tropics and strengthens at mid-latitudes (Fig. S9).364
These results are consistent with the simulations of N. J. Burls and Fedorov (2017) who365
noted the limitations of using the Pliocene as an analogue of a future warming scenario.366
The shift of the anticyclone density is consistent with a weakening and poleward shift367
of the Hadley circulation seen in numerous climate change simulations. This Hadley ex-368
pansion has been explained by tropical heating processes (Mitas & Clement, 2006), changes369
to atmosphere stability (Schneider, 1977), subtropical eddy dynamics (Walker & Schnei-370
der, 2006) and atmosphere moisture effects (Frierson, Held, & Zurita-Gotor, 2006; Lu371
et al., 2007).372
A second factor potentially contributing to the anticyclone shift is a poleward shift373
in baroclinicity associated with the prescribed Pliocene SST. The meridional temper-374
ature gradient serves as the primary source of energy for anticyclonic storms, and it fol-375
lows that reductions or shifts in that gradient may alter the position or intensity of the376
storm track. Figure S10 shows the absolute value of the meridional gradient in prescribed377
SST averaged zonally across the Pacific from 150◦E to 120◦W. The gradient is visibly378
reduced in midlatitudes in both Pliocene cases, with increases poleward of 45◦N. This379
is consistent with the weakening and poleward shift found in the track analysis.380
4 Conclusions381
We examined the hypothesis that the warming of coastal mid latitude upwelling382
sites during the Pliocene was a result of change to the magnitude and frequency of strong383
upwelling-favorable wind events, rather than, or in addition to, changes to the mean winds384
or other ocean factors. We focus our analysis on the California upwelling zone with the385
expectation that the results may be applicable to other such mid-latitude upwelling sites.386
While the effects of coastal upwelling are felt over 100 km away from the coast (Spall387
& Schneid r, 2016), the coastal upwelling zones themselves are very narrow, on the or-388
der of a 10-20 km, and it is important to correctly simulate the winds over such a nar-389
row region. We therefore used a high atmospheric model resolution of 0.25◦ that allows390
to correctly simulate the decrease of the along-coast wind amplitude toward the coast-391
line. We used two indices reflecting the magnitude of both coastal upwelling due to the392
wind amplitude, and offshore upwelling due to the wind curl, and examined extreme events393
in these indices for modern SST and for two Pliocene SST scenarios.394
Our main result is that strong upwelling-favorable wind events are reduced more395
than the mean in Pliocene SST scenarios compared with the modern case. For exam-396
ple, depending on model resolution, the Idealized Pliocene SST resulted in a reduction397
of 46.7-50.3% in the annual coastal upwelling associated with strong events, but only a398
37.3-43.5% reduction in the mean. We also showed that strong upwelling wind events399
are associated with anticyclonic atmospheric motions to the west of the upwelling site,400
and in order to understand the changes to the coastal upwelling wind events, we exam-401
ined the effects of the Pliocene SST on mid-latitude anticyclone frequency and intensity.402
We track the position and intensity of anticyclones using 6-hourly sea level pressure (Hodges,403
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1995) and find a decrease of both intensity and duration of anticyclones that lead to upwelling-404
favorable winds events. Specifically, we show a weakening of the density of tracks above405
the subtropical high east of the California upwelling system and a spread of the density406
both north and south.407
This weakening and poleward shift of anticyclone activity may be associated with408
a weakening of the Hadley circulation, which we see in our Pliocene simulations and which409
has been associated with poleward shifts of the storm tracks in simulations of future global410
warming. Another potential factor is a reduction of the meridional SST gradient, and411
a poleward shift of the maximum gradient. This would reduce the energy available to412
midlatitude anticyclones, and may explain their reduced frequency and intensity.413
An important caveat is that we have focused on upwelling-favorable wind events414
here, yet the use of an atmosphere-only model in this study does not allow us to study415
the effects of a different thermocline depth. The same wind will lead to a different SST416
and proxy upwelling signal, and this was explored by Miller and Tziperman (2017). We417
emphasize that the mechanism explored here involves the basin-scale SST gradient al-418
tering synoptic-scale wind patterns. While localized changes in SST due to upwelling may419
modify the winds, the effect is expected to be secondary.420
There is evidence that strong upwelling-favorable wind events are responsible for421
most of the upwelling impact on sea surface temperature and most of the effect on bi-422
ological productivity which is recorded in proxy records. Our results that these wind events423
decrease significantly for Pliocene-like SSTs are a step toward explaining the Pliocene424
SST signal and toward understanding possible future changes to coastal upwelling zones.425
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Table 1. Annual Mean Intensity upwelling intensity and reductions for Pliocene SST scenarios,
see text for details.
Resolution Case Coastal Upwelling Offshore Upwelling Reduction of Reduction of
Index (ton m−1 s−1) Index (gm−2 s−1) Coastal Upwelling Offshore Upwelling
1 degree
Modern 1.061 2.875
PRISM4 0.939 2.665 11.5% 7.3%
Idealized 0.654 1.635 38.4% 43.1%
0.5 degree
Modern 1.251 2.895
PRISM4 1.163 2.813 7.0% 2.8%
Idealized 0.784 1.522 37.3% 47.4%
0.25 degree
Modern 1.423 3.323
PRISM4 1.260 2.958 11.5% 11.0%
Idealized 0.804 1.791 43.5% 46.1%
Table 2. Duration and intensity of strong upwelling events and total reduction in annual
upwelling flux in strong events for Pliocene SST scenarios, see text for details.
Resolution Case Events per year Total event duration Average duration Average flux Annual flux
per year (days) (days) (ton m−1s−1) reduction (%)
1 degree
Modern 22.2 231.7 10.5 1.438
PRISM4 26.3 227.2 8.7 1.273 13.2%
Idealized 21.8 157.9 7.3 1.119 47.0%
0.5 degree
Modern 25.1 243.0 9.7 1.629
PRISM4 25.2 247.6 9.8 1.481 7.4%
Idealized 24.3 171.3 7.1 1.231 46.7%
0.25 degree
Modern 28.5 248.5 8.7 1.811
PRISM4 28.5 238.5 8.4 1.688 10.5%
Idealized 29.0 168.0 5.8 1.330 50.3%
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Figure 1. Annual mean and seasonal response to SST scenarios. (Upper panels) Annual mean
surface wind stress (vectors) and upwelling estimated via wind stress curl (shadings), for all three
SST configurations, using the 0.25◦ resolution atmospheric model. Shown are the CAM5 simu-
lation with modern SST (left), the difference between PRISM4 and modern SST (middle), and
the difference between idealized and modern SST (right). Upwelling units are gm−2 s−1 with a
shared color scale. Statistically insignificant (95%) differences appear white, based on the Stu-
dent’s t test. A 0.1 N m−2 (modern) and 0.05 N m−2 (differences) reference vector is shown in
the up right of each panel. (Lower panels) Monthly indices for coastal and curl-driven upwelling
around the California sediment core Site 1014, for the modern (blue), PRISM4 (red) and ideal-
ized (green) cases, with QuikSCAT wind results shown by the black curves. Indices are based on
average alongshore wind stress (coastal), or the average of the wind stress curl (offshore) within
a 300 km square box around the sediment core site multiplied by 300 km to bring it to the same
units as the coastal index. Shading indicates ±1 standard error.
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Figure 2. Daily indices for coastal and offshore upwelling around California site, for the mod-
ern (blue), PRISM4 (red) and idealized (green) cases. Both indices are calculated by daily wind
stress data from the last year of the 1◦ simulations.
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Figure 3. Probability distribution function for daily coastal and offshore upwelling indices, for
the modern (blue), PRISM4 (red) and idealized (green) cases, derived from the final 10 years of
the 1◦ and 0.5◦ simulations, and the final year of the 0.25◦ simulation.
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Figure 4. Sea level pressure (left column) and surface wind stress and offshore upwelling due
to wind stress curl (right column). (Upper row) climatology. (Middle row) same, during the event
corresponding to largest coastal upwelling index value. (Bottom row) same, for the second largest
event.
–19–©2019 American Geophysical Union. All rights reserved.
A
cc
ep
te
d 
A
rt
ic
le
manuscript submitted to Paleoceanography and Paleoclimatology
Figure 5. Composite for strong upwelling events of sea level pressure (left column) and
surface wind stress and curl-driven upwelling mass flux (right column), for modern (top row),
PRISM4 (middle row) and idealized (bottom row) cases. Strong events are defined to be those
with a duration over 3 days whose alongshore wind velocity exceeds 5 m s−1.
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Figure 6. Anticyclone tracks and track density in the three SST scenarios using the 1◦ resolu-
tion model based on a 20 year run. Track point density for the modern SST (top). The difference
between the track density for PRISM4 and modern SST (middle). The difference between ideal-
ized and modern SST (bottom). Grid points with no anticyclone track points appear white.
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Figure 7. The intensity of anticyclones whose tracks are shown in Fig. 6. (a) The intensity
of anticyclones for the modern SST (top). The difference between the intensity of anticyclone for
PRISM4 and modern SST (middle). The difference between idealized and modern SST (bottom).
Grid points with no anticyclone track points appear white.
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